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Potential-driven molecular tiling of a charged
polycyclic aromatic compound†
Kang Cui,a Oleksandr Ivasenko,a Kunal S. Mali,a Dongqing Wu,b Xinliang Feng,b
Klaus Mu¨llen,b Steven De Feyter*a and Stijn F. L. Mertens*ac
Using in situ electrochemical scanning tunnelling microscopy (EC-STM),
we demonstrate fully reversible tuning of molecular tiling between self-
assembled structures with supramolecular motifs containing 2, 3, 4, 6 or
7 tectons. The structures can be explained by electrocompression of the
cationic adlayer at the solid–liquid interface.
In supramolecular chemistry, as in biology, the functionality of
a structure is often determined by the accuracy with which this
structure can be built. Therefore, in the field of self-assembly,
the interplay between molecular design and external stimuli to
achieve a high level of structural control remains a very active
research topic.1 Ultimate control over tectonic arrangement in
supramolecular compounds and structures is expected to yield
unprecedented efficiency of catalysts and selectivity of artificial
sensors, as it would allow tuning structure–reactivity relation-
ships at will.
In this work, we present a system based on an organic salt
(polyaromatic PQPC6
+ cation + anthraquinonedisulfonate AQDSA2
dianion, Fig. 1) that, depending on the substrate potential, can be
reversibly assembled into patterns whose structural motifs contain
from 2 up to 7 building blocks or tectons. As the motifs are
separated by subnanometre-sized gaps, they could form the basis
for surface-grown atomically precise polymers,2 electrocatalytic
surfaces with high selectivity3 or artificial receptors.4 To our knowl-
edge, this is the first example of electrochemically controlled
molecular tiling using organic molecules that carry a permanent
charge, although attempts in this direction using ionic liquids are
actively pursued.5
The studied compound was synthesised as previously
described,6 and drop-cast on a flame-annealed Au(111) single
crystal (miscut o 0.11, Mateck GmbH, Ju¨lich) by evaporating
a drop of saturated solution in ethanol. After rinsing with
absolute ethanol and evaporation of the solvent in an Ar (5.0,
Air Liquide) stream, self-assembled structures were visualised
by EC-STM in 0.1 M HClO4, using a lab-built
7 or Agilent 5100
STM + Picostat bipotentiostat and electrochemically etched W
tips that were polymer-coated to suppress faradaic current. All
measurements were carried out in an Ar atmosphere, and potentials
are reported versus the reversible hydrogen electrode (RHE).
Fig. 1 shows the cyclic voltammogram (CV) of the bare and
(PQPC6)2AQDSA-modified Au(111) in 0.1 M HClO4. In the
available potential window between hydrogen evolution and
gold oxidation, two pairs of peaks are apparent, and are of
different origin. At intermediate potentials, a well-separated
pair of peaks P1/P10 is present, which we ascribe to a phase
transition in the PQPC6
+ adlayer (vide infra), as the PQPC6
+ cation
itself is not redox-active under the experimental conditions.8 The
charge under the peaks P1 and P10 is identical within the accuracy
of integration, and remained constant on continued cycling.
Fig. 1 Cyclic voltammogram of bare (black dotted trace) and (PQPC6)2-
AQDSA-modified (red trace) Au(111) in 0.1 M HClO4. Scan rate 10 mV s
1. Inset:
structural formula of 9-hexyl-2-phenylbenzo[8,9]quinolizino-[4,5,6,7-fed]-
phenanthridinylium 9,10-anthraquinone-2,6-disulfonate (PQPC6)2AQDSA.
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The positive-going peak, however, is considerably sharper than in
the opposite direction [fwhm(P1) = 22 mV; fwhm(P10) = 38 mV],
which may indicate a difference in phase transition dynamics.
The peak separation of ca. 100 mV between P1 and P10 expresses
the energetic barrier for switching between the two structures.
At more negative potentials, the anthraquinone-based dianion
shows up through its reversible voltammetric behaviour
(P2/P20), as was confirmed by addition of 9,10-anthraquinone-
2,6-disulfonic acid to the electrolyte (see ESI†).
Starting at substrate potentials positive from P1, Fig. 2
shows the highly regular supramolecular structures observed
for 0.6 o Es o 0.8 V; at even higher potentials, the adlayer
amorphises (see ESI†). The few missing molecules in the large-
scale image together with the submolecular resolution achieved
in Fig. 2B for the majority phase allow to identify each bright
spot as the fused aromatic system of the PQPC6
+ cation, and to
propose the model superimposed on the STM image for the
molecular packing. The structure can be fully described by
considering a PQPC6
+ dimeric motif occupying identical positions
in two alternating rows, which are shifted over b/2 = 1.7 nm.
Under the tunnelling conditions used, the n-hexyl chains were not
visible, but according to our model occupy most of the pore-like
feature next to every pair of molecules, producing a packing
density of 0.47 molecules nm2. A second polymorph, with almost
identical packing density, is visible in the lower region of Fig. 2A,
and magnified in Fig. 2C. This minority phase represented less
than 20% of the ordered adlayer and was considerably less stable
during scanning, which suggests that the majority phase (Fig. 2B)
is the thermodynamically most stable one. Strikingly, the dianion
was never observed directly in the images, even though overall
electroneutrality implies a position close to the visualised cation
adlayer. In view of the abundance of ClO4
 in the electrolyte,
exchange of the adlayer anions is likely. Preliminary experiments
with PQPC6ClO4, in which the AQDSA
2 dianion was completely
replaced with ClO4
, revealed the absence of any long-range order
(see ESI†). A detailed study of the structure-inducing effect of the
anion will be reported elsewhere.9
On crossing peak P10 in the CV to less positive potentials, an
abrupt and complete phase transition is observed, now char-
acterised by a hexameric motif of PQPC6
+ cations, Fig. 3. Again,
the hexameric units within which close packing of the aromatic
PQP cores occurs, are spaced by the n-hexyl chains that extend
from the fused ring system. As clock- and counterclockwise
arrangements of the cations constituting each hexameric motif
are possible, mirror-image domains were observed as expected
(see ESI†).
At potentials close to the peaks P1/P10 in the voltammogram,
occasionally lamellae consisting of tri- and tetrameric motifs
were observed, Fig. 4A, whereas at the most negative substrate
potentials available (Es o 0.15 V), heptameric structures were
also found, Fig. 4B. This stepwise increase in lamellar width
as a function of potential leads to a proportional increase
in coverage, as the size of the close-packed supramolecular
unit increases: the packing density in the hexameric structure
(0.54 molecules nm2) has increased by 15% over the dimeric
structure (0.47 molecules nm2). We propose that asymptoti-
cally, a completely compact adlayer structure may emerge with
infinite lamellar width, and all n-hexyl chains desorbed, even
though the available potential window did not permit its
experimental confirmation as yet. A model of this hypothetical
structure is shown in Fig. 4C, and closely resembles the one
observed when the n-hexyl chain is absent.10
To explain the mechanism behind the potential-induced
molecular tiling, we consider that the tectons’ permanent
charge makes them strongly susceptible to electrostatic effects,
which has even enabled fully reversible switching between porous
and 3-dimensional (bilayer) structures with a single-component
system.8 The various structures that we observe are characterised
by an increase in packing density, from 0.47 (dimeric motif) up to
0.54 (hexameric motif) molecules nm2 and could increase up to
0.6 molecules nm2 in the hypothetical fully compact structure of
Fig. 4C. From the potential of zero charge (pzc = 0.62 V)11 of the
reconstructed Au(111)–(22  O3) surface in dilute perchloric
Fig. 2 (A) Large-scale EC-STM image of (PQPC6)2AQDSA-modified
Au(111) in 0.1 M HClO4 at substrate potential Es = 0.6 V, showing two
phases with a dimeric motif. High-resolution image of (B) majority phase
with unit cell parameters a = (2.5  0.1) nm, b = (3.4  0.2) nm, a =
(88  2)1, and (C) minority phase with a = (2.9  0.1) nm, b = (1.6  0.1) nm,
a = (69  2)1. Bias voltage Ubias = 0.65 V; tunnelling current It = 1 nA.
Fig. 3 (A) Large-scale and (B) high-resolution EC-STM images of
(PQPC6)2AQDSA-modified Au(111) in 0.1 M HClO4 at Es = 0.35 V, showing
hexameric motif. Unit cell parameters a = (4.0 0.2) nm, b = (2.8 0.1) nm,
a = (83  2)1. Ubias = 0.65 V; It = 1 nA. (C) Tentative model.
Fig. 4 (A) Tri- and tetrameric motifs at Es = 0.5 V, and (B) heptameric
motif at Es = 0.1 V. Ubias = 0.65 V; It = 1 nA. (C) Hypothetical most
compact structure at strongly negative substrate potentials.
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acid solutions and the capacitive current in cyclic voltammetry
(Fig. 1), we can formally estimate the charge density q on the
gold surface for the potentials where the different adlayers
are observed, which varies from 0.6 mC cm2 at 0.6 V to
11.4 mC cm2 at 0.1 V.
The unit cell parameters of the various adlayers, on the other
hand, yield charge densities between 7.5 mC cm2 for the
dimeric structure and 9.6 mC cm2 for the hypothetical, most
compact structure. As for most potentials q(PQPC6
+)4 |q(Au)|,
these numbers indicate that the adsorption is p-electron driven
(the adsorption energy of the fused aromatic rings is on the
order of 200 kJ mol1),12 and also explain why for positive
surface charges the adlayer amorphises, as the molecules retain
sufficient lateral mobility to be considered a 2-dimensional
molecular gas. As the negative charge density on the substrate
increases, the sterically expensive compression of the adlayer is
favoured electrostatically, Fig. 5.
Adlayer electrocompression has been described previously
by Broekmann et al. for inorganic iodide on copper,13 but was to our
knowledge never demonstrated for organic ions. Obviously, the
comparatively rich structural features of the PQPC6
+ cations allow
for a larger variety of supramolecular effects in the present case.
Compared to uncharged molecules, whose supramolecular beha-
viour at the solid–liquid interface has been studied abundantly, we
underline that organic ions increase the degree of control that can
be exerted over the self-assembly at electrochemical interfaces, and
invite the synthetic community to explore this parameter even more
vigorously than to date, which may open the way to fully determi-
nistic (as opposed to random14) molecular tiling.
In conclusion, we have demonstrated molecular tiling of
organic ions at a metal–electrolyte interface, with fast and
reversible potential control over the supramolecular arrangement.
Key elements in the design of new tectons are the polyaromatic
character on the one hand, providing strong adsorption on gold,
and permanent, non-redoxactive charge, increasing their suscepti-
bility to electrochemical potential as a structuring principle.
Forthcoming work could apply this principle as a first step
towards the on-surface formation of polymers with atomic
accuracy (by integrating photopolymerisable moieties) or
highly selective in situ constructed sensor surfaces.
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Figure S1. Cyclic voltammogram of (PQPC6)2AQDSA-modified Au(111) in 0.1 
M HClO4 (red trace, identical to Fig. 1 in main text; scan rate 10 mV s–1), and of 
ca. 1 mM AQDSA + 0.1 M HClO4 (polycrystalline Au, scan rate 50 mV s–1, blue 
trace), identifying P2/P2’ as related to anthraquinone electrochemistry.  The larger 
peak separation and double peak in the second measurement may originate from 
contributions from both adsorbed and solution-based AQDSA, but centres around 
the same formal potential as P2/P2’. 
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Figure S2. Mirror image domains within the hexameric adlayer. Es = 0.3 V; Ubias 
= –0.65 V; It = 1 nA. 
 
 
 
Figure S3. EC-STM image of amorphised (PQPC6)2AQDSA adlayer on Au(111) 
in 0.1 M HClO4 at Es = 0.8 V. Ubias = –0.65 V; It = 1 nA. 
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Figure S4. Preliminary results indicating anion effects in supramolecular ordering 
of PQP-based compounds: (A) Structural formula of PQPC6ClO4 (note that the 
cation is identical as discussed in the main text). (B, C) EC–STM images of 
PQPC6ClO4-modified Au(111) electrode in 0.1 M HClO4, demonstrating that only 
short-range order is obtained.  Es = 0.45 V; Ubias = –0.6 V; It = 1.0 nA. (D) Idem, 
with Es = 0.8 V. 
